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INTEGRATED CIRCUIT INCLUDING A
POWER TRANSISTOR AND AN AUXILIARY
TRANSISTOR

BACKGROUND

During operation, semiconductor components such as
switches 1n power supplies and power converters are heated
due to power dissipation within these components.

If semiconductor components are operated below the so-
called stable-temperature point, current filamentation may
occur and lead to a destruction of the semiconductor compo-
nents.

As a counter measure to excessive heating and current
filamentation, electrical parameters such as forward current,
dI/dt, dU/dt, temperature etc. are generally limited appropri-
ately and kept within a safe operation area range (SOA range)
during operation. Limitation of the operation range to a safe
operation area, however, restricts further improvements of the
characteristics of the semiconductor components.

Thus, 1t 1s desirable to improve protection of semiconduc-
tor components against excessive heating and current fila-
mentation.

SUMMARY

According to one embodiment of an integrated circuit, the
integrated circuit includes a power transistor with a power
control terminal, a first power load terminal and a second
power load terminal. The integrated circuit further includes
an auxiliary transistor with an auxiliary control terminal, a
first auxiliary load terminal and a second auxiliary load ter-
minal. The first auxiliary load terminal 1s electrically coupled
to the power control terminal. The integrated circuit further
includes a capacitor with a first capacitor electrode, a second
capacitor electrode and a capacitor dielectric layer. The
capacitor dielectric layer includes at least one of a ferroelec-
tric material and a paraelectric material. The first capacitor
clectrode 1s electrically coupled to the auxihiary control ter-
minal.

Those skilled 1n the art will recognize additional features
and advantages upon reading the following detailed descrip-
tion, and on viewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
turther understanding of the present invention and are incor-
porated 1n and constitute a part of this specification. The
drawings illustrate embodiments of the present invention and
together with the description serve to explain principles of the
invention. Other embodiments of the present invention and
many of the intended advantages of the present invention will
be readily appreciated as they become better understood by
reference to the following detailed description. The elements
of the drawings are not necessarily to scale relative to each
other. Like reference numerals designate corresponding simi-
lar parts. The features of the various 1llustrated embodiments
can be combined unless they exclude each other.

Embodiments are depicted in the drawings and are detailed
in the description which follows.

FIG. 1 15 a schematic 1llustration of a part of an integrated
circuit including a power transistor with a power control
terminal that 1s electrically coupled to a protection circuit
including a diode and a capacitor.

FI1G. 2 15 a schematic 1llustration of a part of an integrated
circuit including a power transistor with a power control
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terminal that 1s electrically coupled to a protection circuit
including two diodes and a capacitor.

FIG. 3 1s a schematic illustration of a vertical cross section
through a part of a power transistor cell array including an
auxiliary transistor and a capacitor electrically coupled to an
auxiliary control terminal of the auxiliary transistor.

FIG. 4 1s a schematic top view of one layout of a power
transistor cell array and a protection circuit having protection
circuit parts spread evenly over the power transistor cell array.

FIG. 5 1s a schematic top view of one layout of a power
transistor cell array and a protection circuit having a lateral
distance to the power transistor cell array.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part hereot, and in
which 1s shown by way of illustration specific embodiments
in which the invention may be practiced. In this regard, direc-
tional terminology, such as “top”, “bottom”, “front”, “back”™,
“leading”, “trailing”, “over”, “above”, “below”, etc., 1s used
with reference to the orientation of the Figure(s) being
described. Because components of the embodiments can be
positioned 1 a number of different orientations, the direc-
tional terminology 1s used for purposes of 1llustration and 1s in
no way limiting. It 1s to be understood that other embodiments
may be utilized and structural or logical changes may be made
without departing from the scope of the present invention. For
example, features illustrated or described as part of one
embodiment can be used on or 1n conjunction with other
embodiments to yield yet a further embodiment. It 1s intended
that the present mvention includes such modifications and
variations. The examples are described using specific lan-
guage which should not be construed as limiting the scope of
the appending claims. The drawings are not scaled and are for
illustrative purposes only. For clarity, the same elements or
manufacturing processes have been designated by the same
references 1n the different drawings 11 not stated otherwise.

The terms “lateral” and “horizontal” as used 1n this speci-
fication 1ntends to describe an orientation parallel to a first
surface of a semiconductor substrate or semiconductor body.
This can be for mstance the surface of a water or a die.

The term ““vertical” as used 1n this specification intends to
describe an orientation which 1s arranged perpendicular to the
first surface of the semiconductor substrate or semiconductor
body.

As employed in this specification, the terms “coupled”
and/or “electrically coupled” are not meant to mean that the
clements must be directly coupled together—intervening ele-
ments may be provided between the “coupled” or “electri-
cally coupled” elements. The term “electrically connected”
intends to de-scribe a low-ohmic electric connection between
the elements electrically connected together, e.g. a connec-
tion via a metal and/or highly doped semiconductor.

In this specification, n-doped may refer to a first conduc-
tivity type while p-doped 1s referred to a second conductivity
type. It goes without saying that the semiconductor devices
can be formed with opposite doping relations so that the first
conductivity type can be p-doped and the second conductivity
type can be n-doped. Furthermore, some Figures illustrate
relative doping concentrations by indicating “-"" or “+” next
to the doping type. For example, “n™”

n~"" means a doping con-
centration which 1s less than the doping concentration of an
“n”’-doping region while an “n™’-doping region has a larger
doping concentration than the “n”-doping region. Indicating
the relative doping concentration does not, however, mean
that doping regions of the same relative doping concentration
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have the same absolute doping concentration unless other-
wise stated. For example, two different n*-doped regions can
have different absolute doping concentrations. The same
applies, for example, to an n*-doped and a p™-doped region.

Specific embodiments described 1n this specification per-
tain to, without being limited thereto, power semiconductor
devices which are controlled by field-effect and particularly
to unipolar devices such as MOSFETs.

The term “field-effect” as used 1n this specification intends
to describe the electric field mediated formation of an “in-
version channel” and/or control of conductivity and/or shape
ol the mversion channel 1n a semiconductor channel region.

In the context of the present specification, the term “field-

elfect structure” intends to describe a structure which 1s
formed 1n a semiconductor substrate or semiconductor body
or semiconductor device and has a gate electrode which 1s
insulated at least from the body region by a dielectric region
or dielectric layer. Examples of dielectric materials for form-
ing a dielectric region or dielectric layer between the gate
clectrode and the body region include, without being limited
thereto, silicon oxide (S10,), silicon nitride (S1,N,), silicon
oxinitride (S10,N_ ), zirconium oxide (ZrQ,), tantalum oxide
(Ta,O;), titanium oxide (T10,) and hatnium oxide (H1O,) or
stacks of these materials.

Above a threshold voltage V ., between the gate electrode
and the source electrode connected typically to the body
region, an inversion channel 1s formed and/or controlled due
to the field-effect in a channel region of the body region
adjoining the dielectric region or dielectric layer. The thresh-
old voltage V , typically refers to the minimum gate voltage
necessary for the onset of a unipolar current flow between the
two semiconductor regions of the first conductivity type,
which form the source and the drain of a transistor.

In the context of the present specification, the term “MOS™
(metal-oxide-semiconductor) should be understood as
including the more general term “MIS” (metal-insulator-
semiconductor). For example, the term MOSFET (metal-
oxide-semiconductor field-effect transistor) should be under-
stood to include FETs having a gate insulator that 1s not an
oxide or a gate material that 1s not a metal, 1.e., the term
MOSFET 1is used in the more general term meaning IGFET
(insulated-gate field-effect transistor) and MISFET, respec-
tively.

Further, terms such as “first”, “second”, and the like, are
also used to describe various elements, regions, sections, etc.
and are also not intended to be limiting. Like terms refer to
like elements throughout the description.

As used herein, the terms “having”, “containing’”, “includ-
ing”, “comprising”’ and the like are open ended terms that
indicate the presence of stated elements or features, but do not
preclude additional elements or features. The articles “a”,
“an” and “the” are intended to include the plural as well as the
singular, unless the context clearly indicates otherwise.

FIG. 1 i1llustrates a part of a circuit diagram of an integrated
circuit 100 according to an embodiment. The integrated cir-
cuit 100 includes an n-type MOSFET (NMOS) 102. The
NMOS 102 includes a drain terminal D, as a first load termi-
nal, a source terminal S, as a second load terminal and a gate
terminal G, as a power control terminal.

The tegrated circuit 100 further includes an auxiliary
NMOS 104. A drain terminal D , of the auxiliary NMOS 104
constituting a first load terminal 1s electrically connected to
the gate terminal G, of the power NMOS 102. A source
terminal S , constituting a second load terminal of the auxil-
1ary NMOS 104 1s electrically connected to the source termi-

nal S, of the power transistor 102.
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A serial connection of a diode 106 and a capacitor 107 1s
connected 1n parallel with the drain and source terminals D ,,
S , of the auxiliary NMOS 104. An anode of the diode 106 1s
clectrically connected to both the drain terminal D, of the
auxiliary NMOS 104 and the gate terminal G, of the power
NMOS 102. The capacitor 107 includes a first capacitor elec-
trode 108 electrically connected to both a cathode of the diode
106 and a control terminal G , of the auxiliary NMOS 104, a
second capacitor electrode 109 of the capacitor 107 1s elec-
trically connected to both the source terminal S , of the aux-
iliary NMOS 104 and the source terminal S, of the power
NMOS 102. A capacitor dielectric layer 110 of the capacitor
107 includes at least one of a ferroelectric material and a
paraclectric material. The capacitor dielectric layer 110
includes a relative dielectric constant &€, with a negative tem-
perature coellicient. The capacitor dielectric layer 110 may
include a ferroelectric material having a Curie point T ~of less
than 300 K. According to an embodiment, the relative dielec-
tric constant &,(T,) of the capacitor dielectric layer 110 at a
temperature T,=400 K and the relative dielectric constant
& (1,) of the capacitor dielectric layer 110 at the temperature
1,=475 K satisties &, (1,)=0.75x& (T,). According to
another embodiment, the capacitor dielectric layer 110
includes a paraelectric material or a ferroelectric material
comprising at least one of BaTi0,, SrT10,, Ba, Sr, 110, and
KTaO,.

During operation of the integrated circuit 100, a gate signal
S 15 supplied to the gate terminal G, of the power NMOS 102
via a node N. When the power NMOS 102 1s turned on via the
gate signal S, the capacitor 107 1s charged via the diode 106.
By adjusting a threshold voltage of the auxiliary NMOS 104
above the threshold voltage of the power NMOS 102, the gate
signal S, turns on the power NMOS 102 while the auxiliary
NMOS 104 remains turned oif. The capacitor dielectric 110
may be thermally coupled to the power NMOS 102 by limit-
ing a distance between the capacitor 107 and the transistor
cell area of the power NMOS 102, e.g. by spreading sub
capacitors of the capacitor 107 evenly over the cell area of the
power NMOS 102.

When a temperature within the power NMOS 102 rises,
¢.g. due to a short circuit of the power NMOS 102, a tempera-
ture within the capacitor dielectric layer 110 alsorises. Due to
the negative temperature coellicient of the relative dielectric
constant &, of the capacitor dielectric layer 110, the value of
capacitance of the capacitor 107 decreases. Since the diode
106 prevents a discharge of the capacitor 107 via the node N,
a voltage drop cross the capacitor 107 increases. Hence, also
the voltage drop between the gate terminal G , and the source
terminal S , of the auxiliary NMOS 104 increases. When the
voltage at the gate terminal G, of the auxiliary NMOS 104
exceeds the threshold voltage of the auxiliary NMOS 104, the
auxiliary NMOS 104 1s turned on leading to a short circuit

between the gate terminal G, and the source terminal S, of
the power NMOS 102. As a consequence, the power NMOS

102 1s turned off.

Thus, a protection circuit 103 including elements 104, 106,
107 allows to turn off the power NMOS 102 by making use of
the decrease of the relative dielectric constant &, of the
capacitor dielectric layer 110 when the temperature within
the capacitor dielectric layer 110 1ncreases due to heat diffu-
sion from the power NMOS 102 thermally coupled to the
capacitor 107. The power NMOS 102 may be turned oif at a
desired threshold temperature by approprately adjusting
parameters of the protection circuit 103 such as characteris-
tics of the auxiliary transistor 104, e.g. threshold voltage, as
well as characteristics of the capacitor 107, e.g. the relative
dielectric constant €,.
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According to one embodiment the threshold voltage of the
auxiliary NMOS 104 exceeds the threshold voltage of the
power NMOS 102 in a way, that at a typical operating gate
voltage of the power NMOS 102 the leakage current of the
auxiliary NMOS 104 1s still low, which means that the thresh-

old voltage of the auxiliary NMOS 104 1s above the typical

operating gate voltage of the power NMOS 102. Since typi-
cally the power NMOS 102 has a threshold voltage 1n the

range of approximately 0.8V to approximately 8V and 1s

operated with typical gate voltages 1n the range of about 3.3V
to about 20V, the threshold voltages of the auxiliary NMOS

104 are above 3.3V up to 20V. The auxiliary NMOS 104 may
have a threshold voltage that i1s typically more than 50%
higher than that of the power NMOS 102.

According to one embodiment, a driver circuit supplying
the gate signal S 5 to the gate terminal G, of the power NMOS
102 via the node N 1s configured to secure a time period At
between a turning oif of the power NMOS 102 due to the
protection circuit 103 and a new turning on of the power
NMOS 102. The time period At may be chosen appropriately
to account for a hysteresis of the capacitor dielectric layer 110
by securing a suificient cooling down of the power NMOS
102 and the capacitor dielectric layer 110.

According to one embodiment, a value of a dropping resis-
tor R, of the gate terminal G, of the power NMOS 102
connected e.g. between terminal N 1n FIG. 1 and a driver
circuit, 1.e. a resistor used 1n series with the gate terminal G,

1s set 1n relation to the on-state resistance of the auxiliary
NMOS 104 R _according to:

Vdri ver (Eq . )

_1]

where V . gives the no-load output voltage of the driver
circuit connected to terminal N via the dropping resistor and
V 4 aaros relates to the threshold voltage of the power NMOS
102. By fulfilling equation 1 it 1s secured that the voltage at
the gate G, of the power NMOS 102 1s low enough to turn oft
the power NMOS 102 when the auxiliary NMOS 104 1s 1n
conducting mode.

FIG. 2 1llustrates a part of a circuit diagram of an integrated
circuit 200 according to another embodiment. Similar to cir-
cuit elements 102, 104, 106, 107 of the integrated circuit 100
illustrated 1n FIG. 1, the mtegrated circuit 200 includes a
power NMOS 202 having a source terminal S,, a drain ter-
minal D, and a gate terminal G,, an auxiliary NMOS 204
having a source terminal S ,, a drain terminal D , and a gate
terminal G ,, a first diode 206 and a capacitor 207 including a
first capacitor electrode 208, a second capacitor electrode 209
and a capacitor dielectric layer 210. The integrated circuit 200
differs from the integrated circuit 100 illustrated in FIG. 1 1n
that the protection circuit 203 further includes a second diode
212. The first diode 206 and the second diode 212 are antis-
erially connected diodes having their anodes interconnected.
Thus, a cathode of the second diode 212 1s electrically con-
nected to both the drain terminal D , of the auxiliary NMOS
204 and the gate terminal G, of the power NMOS 202.

The second diode 212 1s operated 1n a reserve breakdown
mode when the power NMOS 202 1s turned on via a respec-
tive gate signal S, supplied via node N. In this operation
mode, a voltage at the gate terminal G, of the auxihary
NMOS 204 1s smaller than the voltage at the gate terminal G,
of the power NMOS 102 and a difference between these gate
voltages equals the breakdown voltage of the second diode
212. Similar to the embodiment of the integrated circuit 100

Rd = Raux (
Vi Nvvios
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illustrated 1n FIG. 1, also the protection circuit 203 turns the
power NMOS 202 off 1n case that the temperature of the
capacitor dielectric layer 210 exceeds a certain threshold
temperature, or, in other words, the relative dielectric con-
stant €, of the capacitor dielectric layer 210 falls below a
certain threshold value. Assuming that voltages supplied to
the gate terminal G, of the power NMOS 202 1n an on-state
operation mode range within 10 V and 15V, typical break-
down voltage of the second diode 212 range between 5V and
8 V.

In the integrated circuit 200, the fractional amount of the
gate signal S, supplied to the gate terminal G , of the auxiliary
NMOS 204 1s smaller than the respective fractional amount of
the gate signal S, supplied to the gate terminal G, of the
auxiliary NMOS 104 of the itegrated circuit 100 illustrated
in FIG. 1. The embodiment 1llustrated 1n FIG. 2 1s beneficial
since the auxiliary NMOS 204 and the power NMOS 202 may
include equal or similar threshold voltages. Gate dielectrics
of the auxiliary NMOS 204 and the power NMOS 202 may be
manufactured 1n a common process or with similar require-
ments on reliability of the gate dielectrics.

High-ohmic resistors (R) may be connected 1n parallel to
the diode(s) and/or the capacitor i1llustrated 1n FIGS. 1 and 2.
This allows to e.g. drain off a leakage current of the second
diode 212 to the source terminal SA of the auxiliary NMOS
204, for example and also hinders a gate charge at the gate
terminal GA from being discharged too fast. Typical values
for these resistors are above 1 k€2 more typically above 100
k€2 or above 1 M£2. Such high-ohmic resistors (R) are shown
connected with dashed lines in FIGS. 1 and 2 to indicate they
are optional.

In the integrated circuits 100, 200 illustrated in FIGS. 1 and
2, the power transistor 1s 1llustrated as an NMOS. According
to other embodiments, the power transistor may be any of a
p-type or n-type chamlel field effect transistor such as a MOS-
FET or an IGBT (insulated gate bipolar transistor). Likewise,
also the auxiliary transistor illustrated as an NMOS 1n FIGS.
1 and 2 may also be formed as any of an n-type or p-type field
elfect transistor such as a MOSFET.

According to another embodiment which 1s not illustrated
in the Figures, the gate terminal G, of the auxiliary NMOS
may be connected to another gate voltage, e.g. via a rectifying
clement. Using another drive voltage for the gate terminal G
of the auxiliary NMOS may be helpful since the same process
steps may be used to manufacture the auxiliary NMOS and
the power NMOS and maintain different gate voltages related
to the threshold voltage of power NMOS and auxiliary
NMOS which 1n this case can be chosen 1n the same range.

FIG. 3 1llustrates a schematic cross-section through a part
of an integrated circuit 300 according to an embodiment. The
integrated circuit 300 1includes a monolithic integration of a
power transistor and a protection circuit including an auxil-
1ary transistor, a capacitor and a diode. These circuit elements
are mterconnected as illustrated in the schematic circuit dia-
gram of FIG. 1. A part of the cell area of the power transistor
1s 1llustrated 1n area 301 of FIG. 3 and a part of the protection
circuit 1s 1llustrated 1n area 302 of FIG. 3.

The integrated circuit 300 includes an n-doped semicon-
ductor body 305 such as an n-doped semiconductor substrate,
¢.g. a substrate made of silicon (S1) or silicon-on-1nsulator
(SOI) or also made of awide bandgap matenal like e.g. S1C or
(GaN. In the area 301, a part of a cell area of the power NMOS
1s 1illustrated. The power NMOS 1ncludes a p-doped body
region 306 and n"-doped source regions 307. A p*-doped
body contact zone 308 and a contact 309, e.g. a conductive
plug or a conductive line, electrically couple the p-doped
body region 306 to a conductive source layer 310, e.g. a
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source metallization. A gate dielectric 311 and a gate elec-
trode 312 are arranged on a first side 313 of the n-doped
semiconductor body 305. A short-circuit between the gate
clectrodes 312 of different transistor cells 1s illustrated 1n
FIG. 3 1n a simplified manner by a wire 314. The wire 314
may include one or a plurality of conductive layers or con-
ductive lines formed by structuring one or a plurality of con-
ductive layers in another part of the integrated circuit 300, 1.¢.
in a part not illustrated in the cross-section of FIG. 3.

In the area 302 of the protection circuit, an auxiliary
NMOS 315 includes a p-doped body region 306', n™-doped
source region 307" and a p™-doped body contact zone 308'.

The p-doped body region 306' 1s electrically coupled to the
conductive source layer 310 via the p*-doped body contact

zone 308' and a contact 309'. Likewise, the source region 307

1s electrically coupled to the conductive source layer 310 via
the contact 309'. The auxiliary NMOS 315 further includes an
n*-doped drain region 316 that is electrically coupled to the
gate 312 of the power NMOS. The electrical connection 1s
illustrated 1n a simplified manner by a wire 317 that may
include one or a plurality of conductive layers or conductive
lines formed by structuring one or a plurality of conductive
layers.

On the n-doped semiconductor body 303 at the first side
313, a gate dielectric 318 and a gate electrode 312' are
arranged. A thickness of the gate dielectric 318 of the auxil-
1ary NMOS 315 1s larger than the thickness of the gate dielec-
tric 311 of the power NMOS 1n the area 301 assuming that a
material of the gate dielectrics 311, 318 is the same. Accord-
ing to other embodiments, the thickness of the gate dielectric
318 equals or 1s smaller than the thickness of the gate dielec-
tric 311 provided that the threshold voltage of the auxiliary
NMOS 315 1s larger than the threshold voltage of the power
NMOS, e.g. by choosing different materials for the dielectrics
311, 318 and/or by choosing an appropriate level of doping
for the body region 306'. Thus, a threshold voltage of the
auxiliary NMOS 315 i1s set higher than the threshold voltage
of the power NMOS 1n the area 301. The gate electrode 312 of
the power NMOS 1s electrically coupled to the gate electrode
312' of the auxiliary NMOS 315 via a diode which 1s 1llus-
trated 1n the cross-sectional view of FIG. 3 1n a simplified
manner by a diode symbol denoted by reference number 319.

The gate electrode 312" further constitutes a first capacitor
clectrode 320 of a capacitor further including a capacitor
dielectric layer 321 and a second capacitor electrode 310
formed 1n the same layer as the conductive source layer 310.

The capacitor dielectric layer 321 may be formed as
described with regard to the capacitor dielectric layer 110
illustrated in FIG. 1.

In the integrated circuit 300, the p-doped body regions 306,
306' may be simultaneously formed, for example. Likewise,
the n*-doped source regions 307, 307" and the n"-doped drain
region 316 may be simultaneously formed. Also the p™-type
body contact zones 308, 308' may be simultaneously formed.
Also the gate electrodes 312, 312' may be simultaneously
formed, for example. Hence, these elements, e.g. regions 306,
306', may be formed by patterning a same layer or a same
layer stack. A drain contact of the power NMOS 1n an area
301 may be arranged at a rear side of the n-doped semicon-
ductor body 305 opposite the first side 313, for example (not

illustrated in FIG. 3).

FIG. 4 1s a schematic illustration of a top view on one
layout of an integrated circuit according to an embodiment.
The integrated circuit includes a transistor cell area 405 of a
power transistor such as power NMOS 102 1llustrated 1in FIG.

1 or power NMOS 202 1llustrated 1n FIG. 2.
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Within the cell area 405, a capacitor including a plurality of
sub capacitors 409 connected 1n parallel 1s arranged. The
capacitor and the power NMOS may be monolithically inte-
grated to form an integrated circuit as illustrated 1n any of
FIGS. 1, 2 and 3 for example. The sub capacitors 409 are
spread evenly over the cell area 405. The pattern of arrange-
ment of the sub capacitors 409 illustrated 1n FIG. 4 1s one
example out of a vast variety of possibilities to evenly spread
the sub capacitors 409 over the cell area 405.

An alternative arrangement of the cell area 405 and the
capacitor 1s 1illustrated in FIG. 5. Here, the capacitor is
arranged 1n a capacitor area 508 having a lateral distance d to
a cell area 505 of the power transistor. The power transistor in
the cell area 505 has a maximum turn off time t. The turn off
time T and the lateral distance d satisfy approximately d<107>
m/usxt. Thus, thermal coupling between the power transistor
in the cell area 503 and the capacitor in the capacitor area 508
1s achieved. In other words, when the temperature within the
cell area 505 exceeds a certain threshold, thermal coupling
between the cell area 505 and the capacitor area 508 leads to
a decrease of the relative dielectric constant of the capacitor
dielectric layer 1n the capacitor area 508. As described with
regard to the embodiment 1llustrated 1n FIG. 1, this decrease
in the relative dielectric constant 1s used to turn off the power
transistor in the cell area 505.

Although specific embodiments have been 1illustrated and
described herein, 1t will be appreciated by those of ordinary
skill 1n the art that a variety of alternate and/or equivalent
implementations may be substituted for the specific embodi-
ments shown and described without departing from the scope
of the present invention. This application 1s intended to cover
any adaptations or variations of the specific embodiments
discussed herein. Therefore, it 1s intended that this invention
be limited only by the claims and the equivalents thereof.

What 1s claimed 1s:

1. An mtegrated circuit, comprising:

a power transistor with a power control terminal, a first

power load terminal and a second power load terminal;

an auxiliary transistor with an auxiliary control terminal, a

first auxiliary load terminal and a second auxiliary load
terminal, wherein the first auxiliary load terminal 1is
clectrically coupled to the power control terminal; and

a capacitor with a first capacitor electrode, a second capaci-

tor electrode and a capacitor dielectric layer including at
least one of a ferroelectric material and a paraelectric
material,

wherein the first capacitor electrode 1s electrically coupled

to the auxiliary control terminal, and the second auxil-
iary load terminal, the second capacitor electrode and
the second power load terminal are directly electrically
connected.

2. The mtegrated circuit of claim 1, wherein the power
transistor has at least one of an on-state resistance of 10€2 or
below and a specified blocking voltage capability of 300V or
more.

3. The integrated circuit of claim 1, further comprising a
semiconductor substrate including a monolithic integration
of the power transistor and the capacitor.

4. The mtegrated circuit of claim 3, wherein:

the power transistor includes a plurality of power transistor

cells arranged 1n a cell area of the semiconductor sub-
strate; and

the capacitor 1s arranged 1n the cell area.

5. The integrated circuit of claim 4, wherein:

the capacitor includes a plurality of sub capacitors con-

nected in parallel; and
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the plurality of sub capacitors are spread evenly over the
cell area.

6. The integrated circuit of claim 3, wherein:

the power transistor has a maximum turn oif time t and
includes a plurality of power transistor cells arranged 1n
a cell area of the semiconductor substrate;
the capacitor 1s arranged 1n a capacitor area having a lateral
distance d to the cell area; and
the maximum turn oif time T and the lateral distance d
satisfy d<10™> m/usxt.

7. The integrated circuit of claim 1, further comprising;:

a diode having an anode and a cathode; and wherein

the anode and the first auxiliary load terminal are electri-
cally coupled to the power control terminal;

the cathode and the first capacitor electrode are electrically
coupled to the auxiliary control terminal; and

the second capacitor electrode and the second auxiliary
load terminal are electrically coupled to the second
power load terminal.

8. The integrated circuit of claim 7, wherein:

the power transistor includes a power field effect transistor;

the auxiliary transistor includes an auxiliary field effect
transistor; and

a threshold voltage of the auxiliary field effect transistor 1s

larger than a threshold voltage of the power field effect
transistor.

9. The integrated circuit of claim 8, wherein a thickness of
a gate dielectric of the auxiliary field effect transistor 1s larger
than the thickness of a gate dielectric of the power field effect
transistor.

10. The integrated circuit of claim 7, wherein a resistor
having a resistance value of more than 10°Q is connected in
parallel to the diode.

11. The integrated circuit of claim 1, further comprising;:

a first diode having a first anode and a first cathode;

a second diode having a second anode and a second cath-

ode; and wherein
the second cathode and the first auxiliary load terminal are
clectrically coupled to the power control terminal;
the second anode 1s electrically coupled to the first anode;
the first cathode and the first capacitor electrode are elec-
trically coupled to the auxiliary control terminal; and

the second capacitor electrode and the second auxihiary
load terminal are electrically coupled to the second
power load terminal.

12. The ntegrated circuit of claim 11, wherein:

the power transistor includes a power field effect transistor;

.
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the auxiliary transistor includes an auxihiary field effect

transistor; and

a threshold voltage V ,, of the auxiliary field effect tran-

sistor 1s more than 50% higher than a threshold voltage
V ., of the power field eflect transistor.

13. The integrated circuit of claim 12, wherein a gate
dielectric of the power field effect transistor and a gate dielec-
tric of the auxiliary field effect transistor are part of a same
patterned dielectric layer.

14. The integrated circuit of claim 11, wherein a reverse
breakdown voltage of the second diode 1s 1n a range of 5V to
8 V.

15. The mtegrated circuit of claim 11, wherein a resistor
having a resistance value of more than 10°Q is connected in
parallel to at least one of the first diode, the second diode and
the capacitor.

16. The integrated circuit of claim 3, wherein:

the auxiliary control terminal 1s a gate electrode; and

the gate electrode and one of the capacitor first electrode

and the capacitor second electrode are part of a same
patterned conductive layer.

17. The integrated circuit of claim 1, wherein the power
transistor includes one of a metal oxide field effect transistor
and an msulated gate bipolar transistor.

18. The integrated circuit of claim 1, wherein the auxihiary
transistor includes a field effect transistor.

19. The integrated circuit of claim 1, wherein a temperature
coellicient of the capacitor dielectric layer 1s negative.

20. The integrated circuit of claim 1, wherein the capacitor
dielectric layer includes a ferroelectric material having a
Curie point T . of less than 300 K.

21. The itegrated circuit of claim 1, wherein a relative
dielectric constant € -, ot the capacitor dielectric layer at a
temperature T1=400 K and a relative dielectric constant & .,
ol the capacitor dielectric layer at the temperature T2=475 K
satisty € 7-,=0.75%E 7.

22. The integrated circuit of claim 21, wherein:

the capacitor dielectric layer includes a paraelectric mate-

rial; and
the paraelectric material includes at least one of BaTiO;,
Sr110,, Ba _Sr,_ T10, and K'TaO,.

23. The integrated circuit of claim 1, wherein:

the power transistor includes a plurality of power transistor
cells arranged 1n a cell area of the semiconductor sub-
strate; and

the auxiliary transistor 1s arranged in the cell area.
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